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Abstract 
MLML Tech Pub 93-4 
This report outlines the NOAA spectroradiometer data processing system implemented by the MLML_DBASE 
programs. This is done by presenting the algorithms and graphs showing the effects of each step in the 
algorithms. 
Overview 
The purpose of this report is to present in a simple 
format the sequence of data processing steps used to 
reduce raw spectroradiometer data into calibrated 
useful results. This is done primarily by showing 
graphs resulting from each stage from data acquisition 
to fmal results. Surface downwelled irradiance (E ) iss
measured in air by the "Surface Irradiance 
Spectrometer" (SIS) simultaneously with data obtained 
with the submerged instrument, the "Marine Optical 
System" (MaS) that obtains upwelled radiance (L )u
and downwelled irradiance (Ed). Data processing 
converts the raw counts from the silicon diode array 
detectors, averages and smooths multiple scans, then 
combines the several data sets into a single file. From 
that stage, the water-leaving radiance, differential 
(attenuation coefficients) and integral (PAR, SeaWiFS 
weighted radiances and chlorophyll fluorescent line 
height) quantities are determined. Details of the data 
reduction algorithms and the structure of data files are 
presented in a separate report describing the MLML-
NOAA program (Feinholz and Broenkow, 1993). 
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Figure 1. Raw SIS scan-set showing multiple irradiance 
and dark scans. 
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Data Acquisition 
Data acquisition from MOS and SIS occur 
simultaneously, with SIS running in background. The 
MOS and SIS acquisition programs obtain data in 
scan-sets. Each set contains a standard number of 
dark, and radiance or irradiance scans. For SIS each 
spectral scan results in 38 spectral irradiances between 
370 and 725 run. Each MaS scan results in 2 partially 
overlapping spectra, the blue from 340 to 640 nm and 
the red from 600 to 900 ntn. Spectral resolution on 
SIS is 9.5 nm while the nominal pixel resolution for 
MOS is 0.6 nrn. With a 250 p,rn entrance slit width the 
effective spectral resolution for MOS is about 2.6 nm. 
A SIS or MOS data set consists (typically) of 2 
dark scans, 5 radiance or irradiance scans, followed by 
2 dark scans (Figs. 1 and 2). 
Conversion 
Conversion is the process by which the raw digital 
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Figure 2. Raw MUS scan·-set showing multiple 
irradiance and dark scans. 
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Figure 3. Converted SIS surface irradiance scan-set. 
counts, C, are converted to radiometric units. This 
may be done at any point in the processing, and it may 
preferable to do this first so that all subsequent graphs 
may be interpreted in the context of radiometric 
values. 
C(J...) - D(A) F (l)h(A)L(J...) = (1)at W 
The radiance, L, (or irradiance, E,) is the product of 
the digital counts, C, less the dark counts, D, the 
system response function R, the immersion factor (SIS 
excepted), Fw, divided by the integration tinle, at 
(Eq. 1). Nominal wavelengths are replaced by a 
lookup table of calibrated wavelengths. Converted 
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Figure 4. SIS wavelength offset. 
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Figure 5. Converted MOS upwelled radiance and 
corresponding dark scans. 
surface irradiance and upwelled radiance are shown in 
Figs. 3 and 5 and the wavelength correction applied to 
nominal SIS and MOS wavelengths are shown in Figs. 
4 and 6. 
A variety of errors may occur during data 
acquisition. Each diode array may contain defective 
pixels that produce spurious values. The MOS 
prototype has just that problem and those values are 
replaced by a missing value code. A batch process 
replaces the known invalid pixels values, and results 
following editing are shown in Fig. 7. Some data sets 
may contain single noisy or invalid (caused by 
fluctuating sky conditions, for example) spectral scans 
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Figure 6. MOS wavelength offset and spline function. 
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Figure 7. Edited MOS upwelled radiance following 
elimination of spurious values. 
which are treated as missing values. 
Smoothing 
The effects of thermal noise on both the dark and 
radiance Mas scans can be reduced by spectral 
smoothing. Each radiance value is replaced by the 
sum of the product of a weighting factor and the 
observed radiance (Eq. 2). 
j=i+(m-l)12 L(A.) 
LstnOothCl i) == L __1 (2) 
j=i-(m-I)/2 m 
For n = 5, the standard error of the smoothed value 
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Figure 8. Smoothed Mas dark and upwelled radiance 
spectra. 
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Figure 9. Mean upwelled radiance and corresponding 
dark spectra formed by averaging a single scan-set. 
is reduced by the ";n or 2.2. We have been using even 
weights (Wi = l/n). The effect of this low-pass fliter 
removes no spectral information from MaS spectra 
since the effective band width is about 2.6 run or about 
4 pixels. Dark spectra are smoothed with n = 9 since 
they contain little spectral variation. SIS spectra are 
not smoothed. Smoothed irradiance and dark scans 
are shown in Fig. 8. 
Averaging 
Much of the skill In obtaining good in-water 
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Figure 10. Mean downwelled irradiance and 
corresponding dark spectra formed by averaging a 
single scan-set. 
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Figure 11. Dark adjusted up\velled radiance spectrum. 
spectra is to reduce the effects of wave noise, clouds 
and varying sun altitude. The first effect produces 
random variations especially in dO\VIl\velled irradiance. 
The second effect may be partially controlled by 
removing highly variable scans. The third effect can 
be corrected by normalization to surface irradiance. 
This process is subjective, and in the future we may 
establish rules based upon variation behveen scans at 
a few wavelengths to automate this procedure. At the 
moment all smoothed scans are displayed and those 
that agree "closely" are averaged. To increase the 
sample size it may be necessary to average data sets, 
each consisting of several dark and radiance scans. 
Figs. 9 and 10 sho\v the results of averaging up\velled 
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spectrum. 
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Figure 13. %Root-mean-square error in upwelled 
radiance: depth 1 m; winds calm; seas flat. 
radiance and downwelled irradiance and their 
accompanying dark spectra. 
Dark Count and SNR 
During this step the net irradiance and radiance 
are determined by subtracting the mean smoothed 
dark values from the mean smoothed radiances (Figs. 
11 and 12). At the same time the root-mean-square 
error, RMSE (Eq. 3), and signal-to-noise ratio, sNR, 
(Eq. 4) are computed for the corrected spectra 
i=NL [X;(l) -X {)..)]2
m
i=l (3) 
~ 
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FIgure 14. %Root-mcan square error m upwelled 
radiance: depth = 1 m; wind 15 knots; seas 3 feet. 
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Figure 15. Signal-to-noise ratio in upwelled radiance: 
depth = 1 m; winds calnl; seas flat. 
where Xi represents the dark count, D, radiance, L, or 
irradiance, E, for each of the observed spectra, and 
X represents their means computed for i = I ..llm 
(typically n = 4 for dark count and n = 5 for radiance 
and irradiance). Both SNR and %RMSE are saved in 
the database. 
LJi-A) - LD('A) (4) 
RMSEL(l) 
The goal of the radiometric measurements is to 
maintain a SNR of 100:1 or greater. During data 
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Figure 16. Signal-to-noise ratio in upwelled radiance: 
depth = 1 m; winds 15 knots; seas = 3 feet. 
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Figure 17. Signal-to-noise ratio in downwelled 
irradiance: depth = 1 m; winds calm; seas = flat. 
acquisition, the SNR is displayed as scans are 
accumulated. Wave noise significantly degrades the 
signal. This may be seen in Figs. 13 through 18. The 
RMSE of Lu is shown for two stations: MOCE-2 
Station 6, where winds were calm and seas were 
essentially flat (Fig. 13) and the L at MOCE-2u 
Station 12, where winds were 10 to 15 knots and seas 
were about 3 feet (Fig. 14). Under calm conditions 
the RMSE at 500 nm was about 5%, where under 
rough seas the RMSE at the same wavelength was 
about 40%. 
Figs. 15 through 18 show the resulting L and Edu 
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Figure 18. Signal-to-noise ratio in downwelled 
irradiance; depth = 1 m; winds 15 knots; seas 3 feet. 
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SNR at the same stations. Under calm conditions the 
L SNR was greater than 100:1 in the middle of theu 
visible spectrum, where the L SNR at the rough u 
station was only 20:1. For downwelled irradiance, the 
SNR was greater than 100:1 only in the near red at the 
calm station. At 500 nnl SNR at the calm station was 
about 40:1 where at the rough station SNR at 500 nm 
was slightly lower. At the red end of the spectrum (> 
800 nm) the SNR falls sharply where instrument 
sensitivity is poor. 
Merging 
Up to this step in the processing scheme all files 
consisting of a single set of radiance or irradiance 
scans are treated separately. Each MOS and SIS file 
contains the following MLML_DBASE Variables: 
Variable Contents 
1 Corrected Wavelength (nm) 
2 Dark Signal Scan #1 (J-LW/cm2 nm) 
3 Dark Signal Scan #2 (pW/cm2 nm) 
4 Radiance Scan #3 (J-LW/cm2 sr nm) or Irradiance 
5 Radiance Scan #4 (pW/cm2 sr nm) or Irradiance 
6 Radiance Scan #5 (pW/cm2 sr nm) or Irradiance 
7 Radiance Scan #6 (pW/cm2 sr nm) or Irradiance 
8 Radiance Scan #7 (pW/cm2 sr nm) or Irradiance 
9 Dark Scan #8 (pW/cm2 Sf nm) 
10 Dark Scan #9 (pW/cm2 sr nm) 
11 Mean Radiance (pW/cm2 sr nm) or Irradiance 
12 % RMSE Radiance or Irradiance 
13 Mean Dark Signal 
14 % RMSE Dark 
15 Mean Dark Corrected Radiance (pW/cm2 sr nm) 
or irradiance 
16 SNR Radiance or Irradiance 
The above files must be combined to produce a 
complete data file for an optics profile usually 
consisting of MOS and corresponding SIS spectra at 
three depths (for example: 1, 11 and 21 m in 
oligotrophic waters or 1, 5 and 11 m in eutrophic 
waters). These depths are referred to as "Top, Mid, 
and Bot" respectively. That is done using the "ALIAS" 
command to create a file contain the names of 
selected data files (eg. all *STNOI* files). Two 
programs, NOAA-LIST-HEADERS and NOAA-
GROUP-FILES, operate on the ALIAS list to produce 
a "MERGE" list containing all candidate files for 
processing. At this point spectral scans from all SIS 
and MOS files for the given station are inspected using 
the NOAA-LOOK program. Bad scans are deleted by 
6 
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removing them from the MERGE list. After variables 
from several fues have been merged, the following fues 
are formed. 
Variable Contents 
1 MOS Corrected Wavelength 
2 SIS Corrected Wavelength 
3 Ed Downwelled Irradiance, Top 
4 Ed SNR of Ed Top 
5 E Surface Irradiance for Ed' Tops 
6 SNR of E ' for Top EdEs s 
7 L Upwelled Radiance, Topu 
8 L SNR of L Topu u 
9 E Surface Irradiance for L ' Tops u 
10 E SNR of E for L ' Tops s u 
11 Ed Downwelled Irradiance, Mid 
12 Ed SNR of Ed Mid 
13 Es Surface Irradiance for Ed' Mid 
14 E SNR of Es' for Mid Eds 
15 L Upwelled Radiance, Mid u 
15 L SNR of L Mid u u 
17 Es Surface Irradiance for Lu' Mid 
18 E SNR of E for L ' Mids s u 
19 Ed Downwelled Irradiance, Bot 
20 Ed SNR of Ed Bot 
21 Es Surface Irradiance for Ed' Bot 
22 Es SNR of Es' for Bot Ed 
23 L Upwelled Radiance, Bot u 
24 L SNR of L Botu u 
25 Es Surface Irradiance for Lu' Bot 
26 E SNR of E for L ' Bots s u 
These merged files contain the complete 
spectroradiometer data set for one optics profile and 
form the basis for computing derived integral and 
derivative quantities. 
Derived Quantities 
Diffuse spectral radiance attenuation coefficient, 
KL, is computed between observed depths 1 and 2 as 
lj L,.RNl ] 
(5)1 L1RN1 
RN1 
EST 
(6)E
sl 
RN2 
EST 
Es2 
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Figure 19. Diffuse radiance attenuation coefficients, 
·KLt1, KLt2, KLm1
KE, the irradiance attenuation coefficient, is computed 
similarly. Note that the radiance and irradiance 
spectra must be normalized by the concurrent surface 
irradiance to a single solar altitude. The time to which 
all spectra are normalized is the mean time of the 
surface-most radiance or irradiance. Three such 
coefficients are computed: K L1, based onK L2, K L3, 
radiance data between top-min, top-bot, mid-bot 
observation depths (Figs. 19 ,20). Notice that low 
signals causes highly erratic attenuation coefficients. 
Norn1alization may be made spectrally Eq. 5 or by 
use of a single spectral-mean surface irradiance. If 
400 500 600 700 800 
Wavelength (run) 
Figure 20. Diffuse irradiance attenuatIon coethclents, 
K Et1, K Et2, KEn11 • 
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Figure 21. Ratio between surface irradiance for 
top/mid, top/bot, and mid/bot depth pairs. 
spectral normalization is done, surface irradiance, 
Es(A) must be interpolated to MOS wavelengths. In 
some cases spectral normalization may not be 
required. Figure 21 shows the ratios of E betweens 
the sampling times for which L and Ed scans were u 
made at a single station. This shows about 5% 
variation in E between successive depths and slights 
wavelength variation. 
The water-leaving radiance Lw(A) is computed by 
extrapolating the upwelled radiance at one depth to 
that just below the surface using the radiance 
attenuation coefficients. Four such Lws may be 
computed: Lwtl' Lwt2' Lwml' and 1wb2' using 
radiances at the top (t), mid (m) or bot (b) depths 
combined with attenuation coefficients described 
above. The upwelled radiance is then propagated 
through the surface accounting for Fresnel reflectance 
and the n2 law of radiance (Eq. 6). The factor 0.543 is 
the Fresnel reflectance divided by the index of 
refraction of 35% 0 seawater. The water-leaving 
radiances, Lw, are shown for those normalized by 
spectral E (Fig. 22) and those normalized by the s 
spectral average Es (Fig. 23). Spectral normalization 
may be done only over the SIS spectral range. The 
subtle effects of spectral variation in E are shown in s 
Figure 24, where the ratio of Lws normalized by 
spectral E and by mean E show water-leavings s 
radiances in the red are about 0.5% greater when 
spectral normalization is done compared to when 
mean Es values are used. It is noted that this effect is 
small compared to the noise associated with ratioing 
the two spectra. 
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Figure 22. Water-leaving radiances normalized by 
spectral surface irradiances determined from 
combinations of Top, Mid and Bot radiances. 
To account for variable solar elevation amongst 
stations and cruises, "solar-normalized" water leaving 
radiances, LwN' are determined from the observed Lw 
as follows: 
= 0 543 L eKL(A)Z (7)
• uLw 
t(A,80 ) (1 - p(Oo)) cos(Oo)FN (8)2 
res 
0.5 t"R + t" oz1 (9)t("-,80 ) ex{ 
cos(Oo) 
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Figure 23. Water-leaving radiances normalized by 
spectral mean surface irradiances determined from 
K Lt1, KLt2, K Lm1 " 
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Figure 24. Ratio between water-leaving radiances 
normalized by spectral surface irradiances with those 
normalized by spectral-mean surface irradinace. 
u 
L 
WN 
= 
Lw
-F (10) 
N 
Four such ~'s are calculated from the L at Zt,Zm 
and ~ and KL between those depths. The selection 
of the "best" Lw requires a subjective interpretation, 
but will usually be that involving the surface and mid-
depth data. The Rayleigh optical thickness, 1: R' (Fig. 
19) is computed analytically, whereas the ozone optical 
thickness 1:oz is based on an atmospheric ozone 
content of 350 Dobsons and atmospheric sounder 
measurements. 1: past 740 om has been log-linearlyoz 
extrapolated from data provided by Howard Gordon 
(University of Miami, personal communication). 
Following the calculation of the attenuation 
coefficients and water-leaving radiances the following 
variables are added to the optical profile file: 
Variable Contents 
27 Diffuse irradiance attenuation sfc/midKE1 
28 Diffuse radiance attenuation sfc/midKL1 
29 Diffuse irradiance attenuation sfc/deepK E2 
30 Diffuse radiance attenuation sfc/deepKL2 
31 KID Diffuse irradiance attenuation mid/deep 
32 Diffuse radiance attenuation mid/deepKL3 
33 Lwtl Water-leaving radiance top/1 
34 Lwt2 Water-leaving radiance top/2 
35 Lwml Water-leaving radiance mid/1 
36 Lwb2 Water-leaving radiance bot/2 
37 LwNtl Solar normalized water-leaving radiance 
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Figure 25. Atmospheric optical thickness, 'tR' for 
surface normal Rayleigh scattering. 
38 LwNt2 Solar normalized water-leaving radiance 
39 LwNml Solar normalized water-leaving radiance 
40 LwNb2 Solar normalized water-leaving radiance 
41 FN Solar normalizing factor 
Several integral properties are computed here. 
Photosynthetically Active Radiation PAR is determined 
by integrating ES) and Ed at each observed depth. 
1=700 
PAR = L ~E(A)dA (11) 
1=400 he 
A major objective in making these observations is to 
determines water-leaving radiances for comparison 
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Figure 26. Atmospheric optical thickness, 'toz' for 
ozone concentration of 350 Dobsons. 
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Figure 27. Normalized SeaWiFS response functions. 
with satellite measured radiances. The SeaWiFS-
weighted water-leaving radiances are computed as 
j=m 
L~n) = L LwJ.l)Wt,,(l j) (12) 
j=l 
where Wt(l) are the eight SeaWiFS normalized 
response functions (Fig. 21). The chlorophyll 
fluorescent line height (FIR) is determined by log-
linear interpolation of the baseline upwelled radiance 
from 670 to 700 nm. FLR is then estimated as the 
difference between the interpolated baseline and the 
observed value of ~ 
at 685 nm. 
Clipping 
The last step in data processing is to clip the 
spectral results retaining data for those wavelengths 
for which the signal-to-noise ratio is greater than the 
minimum acceptable (nominally 100:1). 
Graphs 
Standard graphical output includes corrected in-
water radiances and irradiances at three depths and 
the corresponding surface irradiances. The standard 
derived graphs include irradiance and radiance 
attenuation and solar-normalized water-leaving 
radiance spectra (Figs. 22 and 23). 
Listings 
Standard printed output includes the observed 
radiance and irradiance spectra, the derived 
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attenuation and water-leaving radiance spectra at 10 
nm intervals (Table 1). Header information contains 
station location, sun altitude, and azimuth and ancillary 
observations such as wind and weather, Secchi depth, 
Munsell color, integral optical properties such as 
SeaWiFS weighted LwN' PAR, CIE hue and saturation 
and chlorophyll FLH. 
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Symbols 
C(A) Digital radiance or irradiance counts 
D(A) Dark count, radiance or irradiance 
measured with shutter closed 
Downwelled Irradiance (jjWIcm2 nm) 
Surface Irradiance (J-LW/cm2 nm) 
Upwelled Irradiance (J-LW/cn12 nm) 
Chlorophyll Fluorescent Line Height at 
685 nm 
Solar normalizing factor 
Immersion factor for radiance or 
irradiance 
Response function converting counts to 
radiometric units 
Irradiance attenuation coefficient (/m), 
top/mid depth 
Irradiance attenuation coefficient (1m), 
top/bot 
KL3 
Ld 
Lu 
Lw 
LwN 
Lwsl 
Lws2 
Lwml 
Lwd2 
MOS 
N 
PAR 
RMSE 
RN1 
SIS 
res 
at 
t(A,8) 
'tR 
'toz 
60 
w·1 
MLML Tech Pub 93-4 
Irradiance attenuation coefficient (/m), 
mid/bot 
Radiance attenuation coefficient (/m), 
top/mid depth 
Radiance attenuation coefficient (/m), 
top/bot depth 
Radiance attenuation coefficient (/m), 
mid/bot depth 
Downwelled Radiance (p,W/cm2 nm sr) 
Upwelled Radiance (p,W/cm2 nm sr) 
Water-leaving radiance (p,W/cm2 nm sr) 
Solar-normalized, water-leaving radiance 
Water-leaving radiance (top L and KE1)u 
Water-leaving radiance (top L and KE2)u 
Water-leaving radiance (mid L and KE1)u 
Water-leaving radiance (bot L and KE2)u 
1000 Channel Marine Optical System 
Number of scans to average 
Photosynthetically active radiation 
(J-LMoles/cm2) 
Root-Mean-Square Error 
Surface irradiance ratio 
38 Channel Surface Irradiance 
Spectrometer 
Signal-to-Noise Ratio 
SeaWiFS normalized response function 
Speed of light 
Planck's constant 
Number of samples in smoothing function 
Index of refraction 
Fresnel reflectance air-water interface at 
incident angle eo 
Earth-Sun distance (astronomical units) 
Integration time 
Diffuse atmospheric transmittance 
Rayleigh optical thickness 
Ozone optical thickness for atmospheric 
Solar zenith angle 
ozone content of 350 Dobsons 
Weights in smoothing function 
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NOAAIMLML Spectroradiometer Data 
CRUISE: MOCE-2 SHIP: El Puma Sfc 
Mid 
= 
= 
1 to 
1 to 
6 m 
11 m 
POSITION: 28°40.7 N 113°02.9 W 
STATION: 6 - Canal de Salsipuedes Deep = 6 to 11 m DATE: 20: 17 (GMT) 04 Apr 1993 
3.0 
Irradiance Attenuation Radiance Attenuation 
3.0 r---T---.----.--.----r.---r---r----r----.---------.~~ 101 
Water Leaving Radiance 
100 
....-.. 
S 
2.0 2.0 c 
~ 
S 
.......... 
,.....( 
""'-" 
Q) 
~ 
! III~  I ~ S .......... ,...-1 
"-" g 
~ ~ 10-1 
N 
<S 
u 
.......... 
~ 10-2 
"-" 
1.0 ~ !I ~ 1.0 ~ t 1-1 ~ 
~ 
10-3 
0.0 ~I!!I!''-----'-----'----JL...---.L----l---1---.-J-..L----l----l.-....-.... 0.0 "II' -II! II.., 10-4 
350 450 550 650 750 850 350 450 550 650 750 850 350 450 550 650 750 850 
Wavelength (nm) Wavelength (nm) Wavelength (nm) 
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NOAAIMLML Spectroradiometer Data 
Sfc = 1 m CRUISE: MOCE-2 SHIP: El Puma POSITION: 28°40.7 N 113°02.9 W 
Mid = 61TI 
STATION: 6 - Canal de Salsipuedes Deep = 11 m DATE: 20: 17 (GMT) 04 Apr 1993 
Downwelled Irradiance Upwelled Radiance Incident Irradiance 
103 101 103 i I I i I I I I I I 
[ I 1 ~ I I 
102 ~----- 100 
~ 
~ SS 101 y c: S 102 c= ~ ~ 
.......... 
..........C"l ~ 10-1 N< N << S~ 10° S uu .......... 
..........~  ~ ~ ~ 10-2 :.J~ 
~ 10-1 
:::s "-'" 
"-'" 
:.J U3 101 
~ 
10-2 ~ 1\ 
I\~ I 10-3 
, 
! ! ! I I I I I I I I I I !10-3 I II 10-4 I I ! ! 'Jll I ~ I' I 100 
350 450 550 650 750 850 350 450 550 650 750 850 350 450 550 650 750 850 
Wavelength (nm) Wavelength (nm) Wavelength (nm) 
MLML 02 Jul 93 



